Pseudomonas aeruginosa uses a type III secretion system to promote development of severe disease, particularly in patients with impaired immune defenses. While the biochemical and enzymatic functions of ExoU, ExoS, and ExoT, three effector proteins secreted by this system, are well defined, the relative roles of each protein in the pathogenesis of acute infections is not clearly understood. Since ExoU and ExoS are usually not secreted by the same strain, it has been difficult to directly compare the effects of these proteins during infection. In the work described here, several isogenic mutants of a bacterial strain that naturally secretes ExoU, ExoS, and ExoT were generated to carefully evaluate the relative contribution of each effector protein to pathogenesis in a mouse model of acute pneumonia. Measurements of mortality, bacterial persistence in the lung, and dissemination indicated that secretion of ExoU had the greatest impact on virulence while secretion of ExoS had an intermediate effect and ExoT had a minor effect. It is of note that these results conclusively show for the first time that ExoS is a virulence factor. Infection with isogenic mutants secreting wild-type ExoS, ExoS defective in GTPase-activating protein (GAP) activity, or ExoS defective in ADP-ribosyltransferase activity demonstrated that the virulence of ExoS was largely dependent on its ADP-ribosyltransferase activity. The GAP activity of this protein had only a minor effect in vivo. The relative virulence associated with each of these type III effector proteins may have important prognostic implications for patients infected with P. aeruginosa.
Pseudomonas aeruginosa is a gram-negative pathogen that causes a variety of serious infections predominantly in immunocompromised patients. To promote severe illness, P. aeruginosa uses a type III secretion system to inject toxic effector proteins into the cytoplasm of eukaryotic cells. To date, four effector proteins have been described in P. aeruginosa: ExoU, ExoS, ExoT, and ExoY (9, 18, (59) (60) (61) (62) . ExoU is a potent cytotoxin with phospholipase A 2 activity (43, 49) . ExoS and ExoT are bifunctional enzymes that have 75% amino acid identity (60) and encode both GTPase-activating protein (GAP) and ADP-ribosyltransferase (ADPRT) activities (15, (24) (25) (26) 33) . ExoY is an adenylate cyclase (62) .
The overall importance of type III secretion as a virulence mechanism of P. aeruginosa has been well established. Early studies showed that ExsA, a transcriptional activator of the type III secretion system (11, 61) , is essential for full virulence in animal models of acute pneumonia (28, 34, 58) . More recently, these conclusions have been validated by the use of mutants with specific disruptions in genes encoding portions of the type III secretion apparatus (54) . In addition, type III secretion has been associated with more severe clinical disease in human patients (16, 47) .
Several studies have analyzed mutants with deletions in individual effector-encoding genes to begin to address the roles of each effector protein in virulence. Efforts have been focused on the three effector proteins most closely linked to virulence: ExoU, ExoS, and ExoT. Deletion of exoU significantly reduced overall virulence and prevented development of severe pathology in the lung (9, 18) . Similarly, early work suggested that ExoS contributed to dissemination in a burn model and to pathology in a lung model of disease (36) (37) (38) . However, the mutant strain used in these studies was later shown to have pleiotropic effects on type III secretion. The transposon insertion in this strain was in an operon encoding a portion of the secretion apparatus, thus preventing secretion of ExoS, as well as all other type III secreted proteins (61) . A more recent study with a mutant with a specific deletion in the exoS structural gene failed to detect a contribution of ExoS to virulence in a burn model (22) . Thus, the role of this effector protein in disease is unclear. Like that of exoS, targeted disruption of the exoT gene showed no effect on virulence in a burn model (22) . However, a minor role for ExoT in pathogenesis was revealed when this protein was examined in the absence of ExoU. Comparison of an exoU mutant to an exoT-exoU double mutant showed that ExoT affects dissemination of bacteria from the lung to the liver (14) . Importantly, interpretation of the relative contributions to virulence of each effector protein has been difficult because the mutants compared in these studies were from a variety of parent strain backgrounds with differing type III secretion characteristics.
The significant genotypic and phenotypic heterogeneity in type III secretion that exists among clinical isolates of P. aeruginosa has complicated the interpretation of virulence studies in this organism. Nearly all strains contain the genes for at least a portion of the secretion apparatus, as well as for one or more effector proteins (8) . Unlike type III secreted effector proteins in some other bacteria, three of the four effector proteins in P. aeruginosa are variable traits that are not encoded by all strains. In one study of a large collection of clinical isolates, 100% encoded exoT, 89% exoY, 72% exoS, and 28% exoU (8) .
Interestingly, very few strains encoded both exoS and exoU. In addition, the presence of genes encoding effector proteins does not necessarily predict the secretion phenotype of clinical isolates in vitro (6, 16, 47) . In a collection of respiratory isolates from patients with ventilator-associated pneumonia, only 77% of the strains had detectable type III secretion in vitro although 100% encoded genes associated with type III secretion (16) . Of the strains that were capable of secretion in vitro, approximately 60% secreted ExoS while about 40% secreted ExoU. As a result of the exclusive relationship between ExoU and ExoS, virulence studies on these proteins have been performed with different strains, making it difficult to compare the relative contributions of each effector protein to disease pathogenesis.
In the experiments described here, we directly compared the contributions of ExoU, ExoS, and ExoT to virulence by analyzing each effector protein in the same isogenic background. We chose a clinical isolate that naturally secreted these three effector proteins for our studies and constructed mutants that secreted ExoS alone, ExoT alone, or ExoU alone. This strategy allowed us to avoid the complications of differences in strain background and to prevent masking of the effects of one effector protein by another. Thus, this is the first direct comparison of the effects of ExoU and ExoS in disease pathogenesis. Our results indicate that ExoU has the greatest effect on virulence of the type III secreted proteins whereas ExoT has only a small effect. We also show unambiguously that ExoS is an important virulence factor in the lung, resolving the confusion over the role of this protein.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and mutants used in this study are listed in Table 1 . PA99 is a P. aeruginosa clinical isolate that naturally carries the exoU, exoS, and exoT genes but lacks the gene for exoY (8) . P. aeruginosa strains PA103 (31) and 388 (3) were used for PCR amplification of exoT and exoS, respectively. Bacterial strains were streaked from frozen cultures onto Luria-Bertani (LB) agar or Vogel-Bonner minimal (VBM) agar (57) . For infections, overnight cultures of P. aeruginosa grown in 5 ml of MINS medium (39) at 37°C were diluted into fresh medium and regrown into exponential phase.
Escherichia coli strains XL1-Blue, GM2163, and TOP10 were used for cloning and propagation of plasmids. E. coli strain S17.1 was used for mating of constructs into P. aeruginosa. Antibiotics were used when necessary at the following concentrations: ampicillin at 50 g/ml, gentamicin at 15 g/ml, and kanamycin at 25 g/ml for plasmids in E. coli; carbenicillin at 500 g/ml, gentamicin at 100 g/ml, and tetracycline at 100 g/ml for P. aeruginosa.
Bacterial mutants. Isogenic in-frame deletion mutants of strain PA99 were constructed via allelic replacement by the method of Schweizer and Hoang (52) . Briefly, in-frame deletions in the genes of interest were constructed in plasmid pEX100T, which is competent for replication in E. coli but not in P. aeruginosa. Final constructs were transformed into E. coli strain S17.1 prior to mating with P. aeruginosa. Exconjugants with the deletion allele integrated into the corresponding chromosomal gene locus were selected by growth on VBM agar plates supplemented with carbenicillin. Growth on VBM agar supplemented with 5% sucrose was then used to counterselect for bacteria in which the vector sequences had been excised by a second recombination event. When the gene of interest was disrupted with a gentamicin resistance cassette, exconjugants were selected with carbenicillin and gentamicin while counterselection was performed with 5% sucrose and gentamicin. Correct construction of all deletion mutants was confirmed by PCR amplification of the gene of interest and Western blotting of culture supernatants with the appropriate antisera (see below and Fig. 1 ) (51) .
To make a strain secreting only ExoS (referred to as PA99S), exoU and exoT were sequentially deleted from wild-type strain PA99 with plasmids pGS013 and pCM104, respectively, for allelic replacement. To generate pGS013, exoU-containing plasmid pAH806 (18) was digested with BsmI to remove sequences flanking exoU and self-ligated to yield pAH808. This plasmid was digested with XmaI and SalI, treated with T4 polymerase, and self-ligated to create a ⌬exoU allele containing an internal in-frame deletion of nucleotides 361 to 1962 (of 2063 total nucleotides). The resulting construct, pGS012, was then digested with NruI and MscI and treated with T4 polymerase to generate a 1.7-kb ⌬exoU-containing fragment. This fragment was subsequently purified and ligated into pEX100T that had been digested with SmaI, resulting in pGS013. After mating pGS013 into PA99 to generate PA99ST, exoT was deleted with plasmid pCM104. To generate pCM104, exoT was PCR amplified from strain PA103. (All of the PCR primers used in these experiments are listed in Table 2 .) The 1.8-kb amplification product was ligated into pCR-Blunt (Invitrogen, Carlsbad, Calif.) in accordance with the manufacturer's instructions, creating pCM101. The exoTcontaining 1.8-kb EcoRI-EcoRI fragment was purified, treated with T4 polymerase, ligated into SmaI-digested pEX100T, and transformed into E. coli strain GM2163. To create the in-frame exoT deletion, this construct was digested with XmaI and PpuMI to remove nucleotides 108 to 1334 (of a total of 1,373 nucleotides) of exoT. The 6.4-kb ⌬exoT-containing fragment was purified by gel electrophoresis, treated with T4 polymerase, and religated to create pCM104. pCM104 was then mated with PA99ST to generate PA99S.
To make a strain secreting only ExoU (referred to as PA99U), exoS and exoT were sequentially deleted from wild-type PA99 with plasmids pGS003 and pCM104, respectively, for allelic replacement. First, a 2.0-kb fragment containing exoS was PCR amplified from strain 388, ligated into pCR-Blunt, and transformed into TOP10 cells to create pGS001. The exoS-containing 2.0-kb EcoRIEcoRI fragment was purified by gel electrophoresis, treated with T4 polymerase, and ligated into pEX100T previously digested with SmaI. This construct was digested with SmaI and Bpu1102I, treated with T4 polymerase, and religated to create an in-frame deletion by removal of nucleotides 397 to 1180 (of a total of 1,361 nucleotides) of exoS. The resulting construct was designated pGS003. After mating pGS003 into PA99 to create PA99TU, exoT was deleted with pCM104 as described above to generate PA99U.
To make a strain that assembled a functional secretion apparatus but secreted none of the known effector proteins (referred to as PA99null), exoU was deleted from strain PA99U (described above) with plasmid pGS015. To generate pGS015, a 1.5-kb SalI-SalI fragment containing an aacC1 gentamicin resistance cassette was purified from pX1918G (52) and ligated into pGS013 that had been linearized with SalI. pGS015 was then mated into PA99U with gentamicin for selection of exconjugants to generate PA99null.
To make a strain secreting only ExoT (referred to as PA99T), we first attempted to sequentially delete exoU and exoS from PA99. However, we were unsuccessful in constructing this double mutant despite multiple attempts. Therefore, we adopted the alternate strategy of integrating a wild-type copy of the exoT gene, with its endogenous promoter, into the chromosome of the PA99null mutant by using the approach of Hoang et al. (21) . The 1.8-kb exoTcontaining EcoRI-EcoRI fragment of pCM101 (described above) was ligated into mini-CTX1 (21) that had been digested with EcoRI. The resulting construct, mini-CTX1-ExoT, was mated into PA99null and integrated into the chromosomal attB site, and vector sequences were excised by a recombinase expressed by pFlp2 (21) .
To make a strain that did not assemble the secretion apparatus or secrete any type III secreted proteins (referred to as PA99secr Ϫ ), we deleted pscJ from PA99 with plasmid pCM111 for allelic exchange. The pscJ gene encodes PscJ, an essential component of the type III secretion apparatus. First, a 1.3-kb DNA fragment encoding pscJ was PCR amplified from PA99, ligated into pCR-Blunt, and transformed into E. coli strain GM2163. This construct was digested with BbsI, treated with T4 polymerase, and religated to create a pscJ allele (designated ⌬pscJ) with an in-frame deletion of nucleotides 1 to 620 (of 746 total nucleotides). The 0.7-kb ⌬pscJ-containing EcoRI-EcoRI fragment was then treated with T4 polymerase and ligated into SmaI-digested pEX100T to create pCM111, which was mated into PA99 to generate PA99secr Ϫ . PA99-derived strains expressing ExoS with mutated enzymatic domains were constructed as follows. A 2.0-kb exoS-containing EcoRI-EcoRI fragment from pGS001 (described above) was cloned into mini-CTX1 (21), which was previously digested with EcoRI, to create mini-CTX1-ExoS. Specific mutations known to eliminate the GAP activity (R146A) or ADPRT activity (E379A/E381A) were introduced into mini-CTX1-ExoS by the QuikChange II XL site-directed mutagenesis approach (Stratagene, La Jolla, Calif.) (12) . The resulting plasmids were designated mini-CTX1-ExoS-R146A and mini-CTX1-ExoS-E379A/E381A, respectively. Each of these constructs was individually conjugated into P. aeruginosa strain PA99null and integrated into the chromosomal attB site in accordance with the method of Hoang et al. (21) . Thus, enzymatically deficient forms of ExoS were expressed under control of the endogenous exoS promoter from a single-copy chromosomal insertion. These strains were designated PA99nullϩS, PA99nullϩS(R146A), and PA99nullϩS(E379/381A). Immunoblot analyses of culture supernatants were performed to ensure that each protein was secreted in approximately equal amounts in vitro (Fig. 1) . Note that these mutant forms of ExoS have been previously shown to be translocated into mammalian cells by the P. aeruginosa type III secretion system (12) .
Immunoblot analysis. The type III effector proteins secreted by P. aeruginosa strains were determined by immunoblot analysis as previously described (51) . Briefly, strains were grown in MINS medium for approximately 17 h at 37°C with vigorous shaking. Bacterial supernatants were obtained from 4-ml cultures by centrifugation at 6,000 ϫ g at 4°C for 20 min. Proteins in supernatants were precipitated by the addition of ammonium sulfate to a final concentration of 55% (wt/vol). Following incubation on ice for 2 h, the precipitated material was Mouse model of acute pneumonia. Studies of acute pneumonia were conducted with the mouse model described by Comolli et al. (4) . Briefly, bacterial cultures were grown overnight in MINS medium at 37°C with shaking (250 rpm) and then diluted and regrown to exponential phase. Bacteria were collected by centrifugation and resuspended in phosphate-buffered saline (PBS; Invitrogen) to the appropriate concentration. Six-to seven-week-old female BALB/c mice were anesthetized by intraperitoneal injection of a mixture of ketamine (100 mg/ml) and xylazine (20 mg/ml). Mice were inoculated with 1.2 ϫ 10 6 CFU of bacteria in 50 l of PBS, as determined by optical density. Inocula were confirmed by plating of serial dilutions onto VBM agar. Preliminary experiments with this dose indicated that severe illness in response to the wild-type PA99 strain (secreting ExoS, ExoT, and ExoU) began to occur between 22 and 28 h postinfection. For each experiment, at least five mice per strain were infected for each time point.
At 18 h postinfection, mice were scored for severity of illness on an objective scale developed in our laboratory. Individual mice were scored as follows in three categories, with lower scores reflecting increasing disease: respiration (3, normal rapid breaths; 2, slow shallow breaths; 1, slow labored breaths; 0, moribund), appearance (3, smooth fur; 2, ruffled fur; 1, matted fur; 0, moribund), and activity (3, running and very active; 2, huddled and lethargic; 1, hunched or unsteady gait; 0, moribund). Each animal therefore received a total score between 9 (completely healthy) and 0 (moribund). In all experiments, mice were sacrificed when severe illness developed and received a score of 0 in each category.
For determination of bacterial numbers in individual organs, mice were reanesthetized and sacrificed at 18 h postinfection. Lungs, spleens, and livers were aseptically removed and individually weighed prior to homogenization in 5 ml of PBS. The bacterial load in each organ was determined following plating of serial dilutions on VBM agar and incubation at 37°C for 24 h.
For determination of the 50% lethal dose (LD 50 ), mice were anesthetized with inhaled methoxyflurane and intranasally infected with a range of bacterial inocula. In all experiments, mice were sacrificed when severe illness developed and were scored as dead. Mice were monitored for a total of 7 days. A minimum of 10 mice were used for each strain. The LD 50 was calculated by the method of Reed and Muench (45) .
For survival experiments, groups of five mice per day were infected with each strain as described above. In all experiments, mice were sacrificed when severe illness developed and were scored as dead. Survival was monitored for 48 h after infection. The experiment was performed twice, and results were pooled.
All experiments were approved by and performed in accordance with the guidelines of the Northwestern University Animal Care and Use Committee.
Statistical methods. Analyses of bacterial load differences were performed by analysis of variance, followed by multiple unplanned comparisons with the Tukey-Kramer HSD test with an ␣ of 0.05. For comparison of mutant forms of ExoS, bacterial load differences were tested with the Student t test. Prior to analysis, all colonization data were natural log transformed so as to fit a normal distribution. The use of parametric tests on transformed colonization data was justified by analysis of a large set of control data that confirmed that colonization data were log normally distributed. Chi-squared tests were performed on health score data, frequencies of dissemination, and Kaplan-Meier survival plots. P Ͻ 0.05 was considered significant.
RESULTS

Relative contributions of ExoS, ExoT, and ExoU to virulence in a mouse model of acute pneumonia.
To determine the relative roles of the type III effector proteins of P. aeruginosa in disease, we first screened a collection of clinical isolates for a strain that naturally secreted ExoU, ExoS, and ExoT. One such strain, designated PA99, was found to secrete all three of these effector proteins when grown under conditions that induced type III secretion (Fig. 1) . PA99 does not secrete the fourth effector protein, ExoY, or contain the gene that encodes this protein (data not shown). Evaluation of the cytotoxic, invasive, and virulence properties of PA99 compared to a collection of clinical isolates indicated that PA99 was representative of characterized P. aeruginosa strains (data not shown).
To facilitate our studies of the relative effects of type III secreted proteins in virulence, isogenic bacterial mutants that secreted only ExoU, ExoS, or ExoT were constructed and designated PA99U, PA99S, and PA99T, respectively (Table 1) . In addition, a mutant with all three effector genes disrupted was generated and designated PA99null. Although this mutant does not secrete any known effector proteins, it assembles a functional type III secretion apparatus. Finally, a mutant with a defective secretion apparatus owing to disruption of the pscJ gene was generated and designated PA99secr
Ϫ . All mutants grew at rates identical to that of wild-type strain PA99 (data not shown), and each secreted the expected type III effector proteins in appropriate amounts when grown under secretioninducing conditions (Fig. 1) . These mutant strains were used to compare the relative contributions of the effector proteins to overall virulence in a mouse model of acute pneumonia.
The effect of each protein on virulence was quantified with a modified LD 50 assay. PA99-derived strains that did not secrete the known type III secreted effector proteins were associated with modest virulence. PA99secr
Ϫ , a strain lacking a functional secretion system, had an LD 50 of 4.7 ϫ 10 7 CFU (Fig. 2) . Likewise, PA99null, which does not secrete any of the known type III secreted effector proteins but assembles a functional secretion apparatus, had an LD 50 
Secretion of ExoU or ExoS but not
ExoT is sufficient for bacterial persistence in the lung. To investigate the process by which type III secretion may affect disease severity, we monitored infected BALB/c mice for signs of disease and measured the number of bacteria present in the lungs at various times after intranasal infection with 1.2 ϫ 10 6 bacteria. After 3 h, none of the animals displayed overt signs of illness, such as decreased activity or ruffled fur. At this time point, the CFU counts of bacteria in the lung were identical for all of the strains tested (data not shown). However, after 18 h, mice infected with either the ExoU-secreting strain (PA99U) or the ExoS-secreting strain (PA99S) displayed ruffled fur, decreased activity, and decreased respiratory rates compared to mice infected with PA99null or PA99secr Ϫ . On the basis of this evidence, we conclude that ExoU and ExoS, but not ExoT, contribute to the ability of P. aeruginosa to persist in the lung through 18 h postinfection.
ExoU, ExoS, or ExoT is sufficient for dissemination of bacteria to extrapulmonary sites. Previous reports have suggested a role for type III secreted effector proteins in the spread of bacteria from the lung into the bloodstream and to peripheral sites (14, 28, 29, 58) . Thus, we investigated whether ExoU, ExoS, or ExoT was sufficient for dissemination to the liver and spleen. For each bacterial mutant, we determined the percentage of animals in which dissemination occurred, as well as the number of bacteria present in the liver and spleen after 18 h of infection. Viable PA99U bacteria were cultured from the liver and spleen more frequently than PA99null or PA99secr Ϫ bacteria (P Ͻ 0.05) ( Table 3 ). Secretion of ExoS or ExoT was also VOL
on October 15, 2017 by guest http://iai.asm.org/ associated with more frequent spread of bacteria to the liver (P Ͻ 0.05), although the incidence of bacterial spread to the spleen did not reach statistical significance (P ϭ 0.23). In addition, PA99U was able to achieve statistically significantly higher bacterial numbers in the liver compared to PA99null and PA99secr Ϫ (P Ͻ 0.05) and showed a trend toward greater bacterial numbers in the spleen. Secretion of ExoS or ExoT showed a trend toward an increased bacterial burden in the liver but not in the spleen.
The ADPRT domain of ExoS is required for full virulence in mice. Whereas the roles of the enzymatic activities of ExoU and ExoT in virulence have been partially characterized in previous studies (14, 43, 49) , it is unclear whether the enzymatic activities of ExoS contribute to its ability to cause disease. ExoS encodes both GAP and ADPRT activities; each of these activities affects a variety of cellular processes via modification of several eukaryotic host proteins. To determine which enzymatic activities of ExoS contribute to its effects on virulence, we constructed the following three bacterial strains in the PA99null background: (i) PA99nullϩS, which has a single-copy wild-type allele of exoS under control of its endogenous promoter inserted into the chromosomal attB site; (ii) PA99nullϩS(R146A), which secretes ExoS with a mutated GAP domain (15) ; and (iii) PA99nullϩS(E379A/E381A), which secretes ExoS with a mutated ADPRT domain (32, 44) . The effects of these mutations on virulence were analyzed by infecting groups of 10 mice with each strain and monitoring survival over 48 h (Fig. 4) . Following infection with 9.2 ϫ 10 6 CFU, which is approximately three times the LD 50 of a strain secreting only wild-type ExoS, PA99nullϩS and PA99nullϩ S(R146A) each resulted in 100% mortality. In contrast, infection with PA99nullϩS(E379/381A) resulted in 100% survival over the same time period (P Ͻ 0.0001), with little apparent clinical disease as assessed by health score (data not shown). This indicates that the ADPRT activity of ExoS is responsible for most of the virulence associated with ExoS during acute pneumonia.
The ADPRT activity of ExoS affects bacterial persistence in the lung. We next compared the pulmonary bacterial load of strains encoding targeted mutations in each enzymatic domain of ExoS (Fig. 5) . Inactivation of the ADPRT domain [strain PA99nullϩS(E379/381A)] resulted in a 50-fold reduction in the number of viable bacteria in the lung after 18 h, compared to that of a strain secreting wild-type ExoS (PA99nullϩS) (P Ͻ 0.0001). In contrast, inactivation of GAP activity [strain PA99nullϩS(R146A)] yielded a much smaller, statistically insignificant, decrease in the pulmonary bacterial load. Together, these data show that the ADPRT activity of ExoS is responsible for most of the ExoS-dependent bacterial persistence in the lung and that the GAP activity of ExoS is less important during acute infection.
DISCUSSION
Results obtained with our carefully controlled model of acute pneumonia indicate that the P. aeruginosa effector protein ExoU has the greatest impact on disease severity, that ExoS has an intermediate effect, and that ExoT has only a small effect on virulence. The relative virulence of these effector proteins is important since clinical isolates of P. aeruginosa commonly fall into one of the following three phenotypic categories: (i) those that secrete ExoU and ExoT, (ii) those that secrete ExoS and ExoT, and (iii) those that do not secrete type III proteins (16, 47) . Integration of our present data with these groupings of clinical isolates suggests a hierarchy of virulence among P. aeruginosa strains causing acute pulmonary infections. Because ExoU has the greatest contributions to pathogenesis in our model system, in general those strains that secrete ExoU and ExoT may be the most virulent strains. Since ExoS has a significant but slightly smaller effect on virulence in our model, those strains that secrete ExoS and ExoT may be intermediate in virulence. Those strains that are incapable of type III secretion and therefore do not secrete ExoU, ExoS, and ExoT may be the least virulent. To more definitively address the contributions of the secreted effector proteins to the virulence of P. aeruginosa, studies assessing the consequences of secretion of effector proteins in various combinations and possible interactions between different effector proteins in the host cell are necessary. Nonetheless, this hierarchy of virulence is supported by previous studies in which clinical isolates se- creting ExoU and ExoT tended to be the most virulent in mouse models of pneumonia (47, 51) and in human patients (16, 47) . Although these distinctions may not be absolute because strains also differ in other bacterially encoded virulence factors, such categorization of the type III secretion phenotype of P. aeruginosa isolates has clinical utility. For example, patients infected with or even colonized by P. aeruginosa strains that secrete ExoU may require more aggressive therapy than those infected with strains that do not secrete this toxin. Additional studies of patients infected with P. aeruginosa are necessary to more fully elucidate the clinical implications of these findings. In the mouse model of acute pneumonia, secretion of ExoU was associated with a 40-fold decrease in the LD 50 . That secretion of ExoU in the lung augmented virulence is consistent with prior reports that associated ExoU with increased mortality and lung pathology (1, 9, 18, 29) . In vitro, ExoU rapidly kills a number of different cell types, including epithelial cells, macrophages, and fibroblasts (1, 2, 7, 9, 10, 17, 18, 23, 29, 50) . More recent work has shown that ExoU-dependent cell death is a result of its phospholipase A 2 activity (43, 49) . Thus, the most likely explanation for the large increase in virulence associated with ExoU is that secretion of this protein leads to the death of a variety of cell types in the lung. Killing of immune cells may directly prevent clearance of P. aeruginosa, whereas overall tissue destruction may create an environment that hinders optimal phagocytic cell trafficking and function. Alternatively, ExoU-mediated host cell lysis may lead to an exaggerated inflammatory response that itself causes additional tissue injury. Finally, ExoU-dependent cytotoxicity may compromise the epithelial barrier of the lungs, allowing locally produced cytokines to leak into the systemic circulation and cause sepsis (29) . In support of this, the number of bacteria in the lungs of PA99U-infected mice did not differ from that of bacteria in the lungs of PA99S-infected mice at 18 h postinfection.
To our knowledge, this is the first study that conclusively shows that ExoS is a virulence factor in P. aeruginosa infection. Prior studies suggesting that ExoS contributes to pathology were limited in their conclusions by the use of a pleiotropic mutant with an overall defect in type III secretion (36) (37) (38) 61) . A subsequent study by Holder and colleagues found that disruption of the exoS gene in a strain encoding exoS, exoT, and exoY had little impact on virulence in a burn model of infection (22) . Our study, which compared the virulence of a strain secreting only ExoS to an isogenic strain secreting no known type III effector proteins, demonstrated a significant contribution of ExoS to the pathogenesis of acute P. aeruginosa pneumonia. Secretion of ExoS was associated with increased mortality, decreased bacterial clearance from the lung, and more frequent bacterial dissemination to peripheral organs. The reason our findings differ from those of Holder and colleagues is unclear, but the difference may be due to functional redundancy of ExoS, ExoT, or ExoY or to differences in the effects of ExoS in burns compared to acute pneumonia.
To further understand how secretion of ExoS contributes to disease, the enzymatic activities of ExoS responsible for its effects on virulence were examined. The N terminus of ExoS encodes GAP activity that inactivates Rho GTPases, leading to cytoskeletal alterations (15, 27) . Functional GAP activity has been shown to play a major role in blocking internalization of bacteria by both phagocytic and nonphagocytic cells in vitro (13, 46) . The C terminus of ExoS encodes ADPRT activity, which has numerous deleterious effects on host cells in vitro, including induction of long-term cell rounding, as well as decreased DNA synthesis, cellular adherence, and viability (12, 13, 41, 42, 46) . Previous work with cell culture model systems suggested that the ADPRT activity of ExoS has greater cellular effects than GAP activity (12) . Interestingly, the consequences of ExoS intoxication in our in vivo experiments correlated with those previously observed with in vitro model systems. The effects of GAP activity were limited, suggesting that GAPmediated antiphagocytic functions of ExoS may be less important during acute infection than anticipated. Rather, the ADPRT activity of ExoS accounted for the majority of the ExoS-dependent contribution to virulence.
Surprisingly, ExoS and ExoT, which have 75% amino acid identity (60), had markedly different effects on virulence during acute pneumonia. The biochemical similarities between these two proteins had suggested that they exhibit functional redundancy in vivo, as they do in some in vitro assays (5, 14) . However, in the experiments described here, ExoS and ExoT were not interchangeable during infection in vivo but instead had profoundly different effects on disease pathogenesis. Secretion of ExoS was associated with relatively low LD 50 s, bacterial persistence in the lungs, and dissemination. In contrast, secretion of ExoT was not associated with a significant change in mortality or bacterial load in the lungs but did lead to a modest increase in bacterial dissemination. In this regard, our results agree with those of Garrity-Ryan and colleagues, who observed that in competition assays secretion of ExoT was associated with small increases in bacterial dissemination to the liver but not with persistence in the lungs of mice with acute pneumonia (14) . In these same assays, the ADPRT activity and not the GAP activity of ExoT was responsible for the virulence associated with this toxin (14) . Thus, both ExoS and ExoT appear to affect virulence through the ADP-ribosylation of various host proteins. Differences in the particular targets modified by the ADPRT activities of these proteins may explain why ExoS has a greater effect on virulence than does ExoT. ExoS covalently modifies a wide variety of cellular proteins, including Ras, RalA, and Rab5 (12, 20, 35, 40, 46, 56) . In contrast, ExoT modifies the Crk-I and Crk-II kinases (55) . Further work is necessary to determine the mechanisms by which ADP-ribosylation of different substrates by ExoS and ExoT results in their differential effects on virulence. In particular, understanding why secretion of ExoS is sufficient for bacterial persistence in the lungs while secretion of ExoT is not will be of importance.
Our results also suggest that the secretion apparatus itself or unidentified effector proteins play at most a minor role in the pathogenesis of strain PA99. PA99null, a mutant with a functional type III secretion system but with deletions in the genes encoding ExoU, ExoS, and ExoT, was not significantly more virulent than PA99secr Ϫ , a mutant that fails to assemble a functional type III secretion apparatus. Comparison of infections with PA99null and PA99secr Ϫ revealed only a small difference between their LD 50 s and no differences in the bacterial loads in any of the organs tested. Thus, ExoU, ExoS, and ExoT account for nearly all of the virulence associated with the type III secretion system of strain PA99.
In summary, a panel of isogenic bacterial mutants in a clinical isolate of P. aeruginosa (PA99) that naturally secretes ExoU, ExoS, and ExoT was used to carefully evaluate the relative role of each effector protein in disease pathogenesis. This approach demonstrated that ExoU has a major effect, ExoS has an intermediate effect, and ExoT has a minor effect on virulence in acute pneumonia. This is the first study to conclusively show that ExoS is a virulence factor and that its pathogenic effects are dependent on its ADRPT activity. Surprisingly, ExoS and ExoT were associated with different effects in the lung, despite their similar enzymatic activities whereas ExoU and ExoS were both individually sufficient to allow bacterial persistence in the lung and dissemination even though they have distinct enzymatic activities. Understanding the relative virulence associated with ExoU, ExoS, and ExoT may have important clinical implications for patients infected with P. aeruginosa.
